Removal of nutrients and pathogens in wastewater effluents is very important for the sustainability of the aquatic ecosystem and environment. On-site sewage treatment and disposal systems commonly referred as septic systems are one of the major sources of nutrients and pathogens in groundwater systems. Drainfields in septic tank systems are normally located in permeable, unsaturated natural soil or imported fill material so that wastewater can infiltrate and percolate through the underlying soil to the groundwater for final disposal. In the past, removal of nutrients in these conventional drainfields was too low to meet the water quality requirements. This article presents a new passive underground drainfield of innovative design with soil amendments (sorption media) for nutrient and pathogen removal in a field-scaled septic tank system. This new system, which is filled with green sorption media consisting of recycled materials mixed with naturally occurring materials, was fully tested in both Phases I and II periods in late 2008 and early 2009, respectively. The new drainfield system with soil amendments was designed to furnish aerobic and anoxic environments, which were fully demonstrated to support final nitrification and denitrification in our pilot study. In this embodiment, the green sorption material mixture includes *68% fine sand, *25% tire crumbs, and *7% sawdust by volume. Overall, >70.21% and 81.79% of total nitrogen and total phosphorus were removed, respectively. Removal efficiency of 5-day carbonaceous biochemical oxygen demand and ammonia was also >80%. Removal efficiency of Escherichia coli was 99.93%. Such a new biofiltration system may be integrated with any type of on-site sewage treatment and disposal systems to effectively remove nutrients and pathogens. The technology will make a significant contribution to the development of sustainable rural areas.
Introduction
O n-site sewage contains organic matter, suspended solids, nutrients, and some pathogens, which can cause a number of diseases through ingestion or dermal contact. More than 25 million homes, or 25% of the U.S. population, use onsite sewage treatment and disposal systems (OSTDS) to meet their wastewater treatment and disposal needs (USEPA, 2002) . A traditional OSTDS normally consists of three main components, including a home's indoor plumbing, the septic tank, and a standard drainfield. When properly constructed and maintained, such septic systems can provide a few years of safe, reliable, and cost-effective service (Etnier et al., 2000) . Nevertheless, primarily due to the limited nitrogen-removal treatment capabilities of conventional septic tank systems, their density of use in a watershed can produce adverse and undesired impacts on aquatic resources through accelerated eutrophication (Anderson et al., 1998; Chang et al., 2009) .
Nutrients, such as ammonia, nitrite, nitrate, and phosphorus, in these effluents are common contaminants in water bodies, which affect public health and ecosystem integrity with acute and chronic harmful outcome directly or indirectly. For example, without proper treatment, ammonia in the wastewater effluents can stimulate phytoplankton growth, exhibit toxicity to aquatic biota, and exert an oxygen demand in surface waters (Beutel, 2006) . Undissociated ammonia is extremely volatile, and in aqueous solution it either ionizes or volatizes. Ionized ammonia is very toxic for fish species (Tarazona et al., 2008) . Fish mortality, health, and reproduction can be affected by the presence of a minute amount of ammonia-nitrogen (Servizi and Gordon, 2005) . Nitrate can cause human health problems such as liver damage and even cancers (Gabel et al., 1982; Huang et al., 1998) . Nitrate can also bind with hemoglobin and create a situation of oxygen deficiency in an infant's body called methemoglobinemia (Kim-Shapiro et al., 2005) . Nitrite can react with amines chemically or enzymatically to form nitrosamines, which are very potent carcinogens (Sawyer et al., 2003) . In addition, wastewater also carries microorganisms such as bacteria (Escherichia coli, Salmonella typhi, etc.), protozoa (Cryptosporidium parvum, Giardia lamblia, etc.), helminths, and viruses (hepatitis A virus, etc.) . Oocysts and cysts are spore phases that may help certain organisms survive for a long time. These microorganisms are responsible for different kinds of diseases such as diarrhea, jaundice, food poisoning, dysentery, and nausea (Metcalf and Eddy, 2003; WEF and ASCE, 2005) . The OSTDS-related diseases may include but are not limited to shigellosis, salmonellosis, typhoid fever, and infectious hepatitis (Katzenelson et al., 1976) .
There are many ways for homeowners with septic tank systems to minimize the potential nutrient and pathogen impacts that OSTDS may have on the environment. In 1995, the Florida Keys On-site Wastewater Nutrient Reduction Systems (OWNRS) Demonstration Project was initiated to demonstrate the use of an OWNRS to reduce the concentrations of nutrients discharged to the coastal region of the Keys (Anderson et al., 1998) . One of the five treatment trains in the OWNRS was a septic tank followed by a recirculation sand filter (RSF). The overall passive OSTDS was shown to remove about 96.52% total suspended solid (TSS), 95.46% total kjeldahl nitrogen (TKN), 47.58% total nitrogen (TN), and 92.84% total phosphorus (TP) (Anderson et al., 1998) . Septic tank effluent filters were evaluated based on site specificity (Byers et al., 2001) . A new combined distribution and pretreatment unit filled with lightweight clay aggregate for wastewater soil infiltration systems was applied (Heistad et al., 2001) . Healy et al. (2004) found removal efficiencies of 83.2% TN, 100% ammonia-nitrogen, 43.3% phosphorus, and 100% SS from dairy parlor washing with 6.6 days hydraulic retention time (HRT) and recirculation ratio of 3.0. Urynowicz et al. (2007) tried to evaluate the performance of RSF in terms of nitrogen removal from septic tank wastewater and found 72.0% nitrogen removal with recirculation ratio of 5.0 and 63.0% nitrogen removal with recirculation ratio of 3.7 (Urynowicz et al., 2007) .
To reduce organic and nitrogen impacts, an aerobic treatment unit (ATU) may be used to treat wastewater before ground discharge, typically by adding an aeration step to promote decomposition of organic matter, reduce pathogens, and transform nutrients. Basic ATU designs include suspended growth systems, fixed-film systems, and integrated fixed film and suspended growth systems (USEPA, 2005) . All three types usually have a septic tank ahead of them, which removes the large particulates and provides some protection to the ATU. But energy saving could be an issue in this type of operation. Hence, a new generation of performance-based, passive OSTDS to effectively remove septic tank effluent nutrients and protect public health and the environment in a cost-effective manner should be devised and implemented in the future (USEPA, 1997 (USEPA, , 2002 (USEPA, , 2005 Etnier, 2002; Chang et al., 2007) .
Passive OSTDS is defined by the Florida Department of Health as a type of OSTDS that excludes the use of aerator pumps, includes no more than one effluent dosing pump with mechanical and moving parts, and uses reactive media to assist in nitrogen removal. Reactive media are materials through which the effluent from a septic tank or pretreatment device passes before reaching the groundwater. Some technologies used one or more reactive media to assist in nitrogen removal. For example, saw dust and other wood products, zeolites, tire crumbs, vegetation, sulfur, and spodosols were suggested or used as possible treatment media (Richman, 1997; Kim et al., 2000; Birch et al., 2005; Hsieh and Davis, 2005; Chang et al., 2007; Smith et al., 2008; Xuan et al., 2009) . Such soil augmentations with sorption media mixes may result in improvements to current designs (Hossain et al., 2009a (Hossain et al., , 2009b Xuan et al., 2009) . The use of these sorption media in the engineered and natural processes may remove not only the nutrients, but also pathogens and other pollutants, such as heavy metals, pesticides, and toxins, for various purposes. It is the aim of this article to present a new generation of performance-based passive septic tank underground drainfields for nutrient removal with the aid of sorption media.
Review of Sorption Media and Research Initiatives
The vadose zone beneath the conventional drainfield is the major area where a variety of physical, chemical, and microbiological processes may be expected to help pollutant removal. In our system, the removal of nitrogen and phosphorus in sorption media involves similar physical, chemical, and microbiological processes. These sorption media include, but are not limited to, sawdust, peat, compost, zeolite, wheat straw, newspaper, sand, limestone, expanded clay, wood chips, wood fibers, mulch, glass, ash, pumice, bentonite, tire crumbs, expanded shale, oyster shells, and soy meal hulls (Hossain et al., 2009a (Hossain et al., , 2009b Xuan et al., 2009) . This approach has ''green'' implications because of the inclusion of recycled material as part of the material mixture, promoting treatment efficiency and cost effectiveness (Hossain et al., 2009a) . However, the choice of material mixes largely depends on the desired length of service, residence time during an operating cycle, and the pollutants of concern in the wastewater. Table 1 summarizes a list of sorption media previously applied for wastewater treatment and their associated references.
In principle, the adsorption, absorption, ion exchange, and precipitation processes are actually intertwined with the overall physicochemical process in our nutrient removal drainfield. Some nutrients, such as phosphorus, removed by inorganic media are likely a sorption=precipitation complex. The distinction between adsorption and precipitation is the nature of the chemical bond forming between the pollutant and sorption media. Yet the attraction of sorption surface between the pollutant and the sorption media causes the pollutants to leave the aqueous solution and simply adhere to the sorption media. It might appear that sorption is followed by precipitation or occurs at the same time in the same physicochemical process. Within the microbiological process, if there are organic sources in the wastewater streams, hydrolysis converts particulate organic nitrogen to soluble organic nitrogen, and ammonification successively releases ammonia converted from soluble organic nitrogen into the water bodies (Crites and Tchobanoglous, 1998) . In addition to ammonification, important biochemical transformation processes include nitrification and denitrification (Sawyer et al., 2003) . They result in the transformation of nitrogen between ammonia, nitrite, and nitrate forms via oxidation and reduction reactions in microbiological processes. In the presence of ammonia-oxidizing bacteria and oxygen in the aerobic environment, ammonium is converted to nitrite, and nitriteoxidizing bacteria convert nitrite to nitrate continuously 470 CHANG ET AL. (Milner et al., 2008) . These two reactions are collectively called nitrification. On the other hand, denitrification is an anaerobic respiration process using nitrate as a final electron acceptor in the presence of appropriate electron donors, resulting in the stepwise reduction of nitrate to nitrite, nitric oxide, nitrous oxide, and nitrogen gas (Milner et al., 2008) . Denitrification also requires the presence of an electron donor to make the reduction happen (Crites and Tchobanoglous, 1998) . They commonly include organic carbon, iron, manganese, or sulfur. As long as the HRT is long enough, a microbe-mineral or sorption media interface can be initiated for either or both nitrification and denitrification processes (Crites and Tchobanoglous, 1998) .
With new sorption media mixes, passive technologies not using more than one pump might be advantageous because of their cost effectiveness, system reliability, and low maintenance requirements. This triggers an acute need to perform a thorough technology assessment, screening, and prioritization. Initial candidates listed for these types of technologies may include but are not limited to (1) nitrification process: single pass media filters and recirculating media filters; (2) denitrification process: autotrophic versus heterotrophic condition with single pass or two-stage processes (Sengupta and Ergas, 2006) ; (3) drainfield modification: autotrophic versus heterotrophic conditions; and (4) groundwater treatment (permeable reactive barrier): autotrophic versus heterotrophic condition. The third type led us to develop a new generation of functionalized sorption media with a unique hydraulic pattern in our Bold and GoldÔ (B&G) drainfield for improving the nutrient and pathogen removal. The sawdust is expected to act as an electron donor to improve the denitrification and the tire crumbs may help enhance the adsorption of phosphorus (Hossain et al., 2009a (Hossain et al., , 2009b . Thus, it is the aim of this article to fully test such an innovative design-the B&G drainfield with soil amendments (sorption media) in a pilot system.
Materials and Methods

System configuration
The wastewater source for this study is the 15-person BPW Scholarship House (a female dormitory at the University of Central Florida campus), which contains a kitchen and living quarters. The wastewater is pumped to 3.78 m 3 (1,000 gallons) and 5.10 m 3 (1,350 gallons) septic tanks from where the effluents are divided into different final disposal alternatives. The former one handles both B&G drainfield and wetland systems, whereas the latter one handles both standard drainfields. A dosing tank links the septic tank with the B&G drainfield. The single pump and pipe arrangement between the dosing tank and the B&G drainfield delivers an average of 0.75 m 3 =day (200 gpd) to the B&G drainfield system (Hossain et al., 2009a (Hossain et al., , 2009b Xuan et al., 2009) . Figure 1 shows the schematic of the B&G drainfield with green sorption material mixes filling the horizontal underground cells beneath a sand layer at the surface of the ground level. From left to right, such a wastewater treatment system starts with a septic tank, an influent distribution system to distribute the influent over the cell, a piping system arranged for dosing the drainfield, and an underground cell including baffled compartments and a riser before the discharge. In one embodiment, the space before the riser in the drainfield must be filled with sorption media to promote the reactions. The thickness of B&G sorption media is about 30 cm (12 inches). The sand layer on the top is Astatula sand with a thickness of *60 cm (24 inches). The green sorption material mixes, consisting of recycled materials mixed with naturally occurring materials, include *68% fine sand, *25% tire crumb, and *7% sawdust by volume. Hence, the treatment zone of the drainfield was subdivided into three aerobic zones and one anaerobic zone (e.g., marked from steps 3 to 6 in Fig. 1 ). The upper part (i.e., sand part) of the aerobic zones was evenly partitioned into three steps by baffles. It was hoped that such a physical setting before the riser and after the baffle where there is a constant flooding zone would foster anoxic environments to perform the denitrification. Before the flooding zone, there is an identifiable aerobic zone to the left to support the nitrification. These two hypotheses would be proved by the intensive sampling and analysis as shown in later sections of this article.
Dosing the sewage on the front of the manifold may happen periodically. The Multi-Pipe Systems 11 (Plastic Tubing Industries, Inc.) (i.e., the inlet pipe for dosing) was installed for equal distribution of influent across the width of the drainfield. These perforated pipes may be used in nondosing periods to maintain the aerobic condition at the left part of underground cell. In addition, some vertical pipes (i.e., oxygenators) for venting in the beginning of the drainfields close to the manifold may also introduce air into the left part of cell so that an aerobic environment can be promoted when needed. Such arrangements of piping system for correct dosing and venting in concert with the internal partition using baffles and riser in the B&G drainfield sustain the essential functionality of these sorption media (Wanielista et al., 2008) . The left part of the cell allows for nitrification, while the dissolved oxygen (DO) would gradually exhaust to the right making the subsequent process anoxic or even anaerobic when getting closer to the riser where denitrification is expected to occur with the aid of sawdust. These baffles and riser are also designed to smooth out the streamlines and prevent the short-circuiting from happening to sustain the hydraulic pattern expected.
In any circumstances, the B&G drainfield has an impervious liner at the bottom to keep all nitrification and denitrification processes in an isolated environment. In Fig. 1 , the shaded circles on the front are the inlet pipes and the white circles connected to the effluent pipes are gravels. After having 3-5 days HRT, flow would eventually pass through a perforated outlet pipe. Although the effluents return to the main sewer line in our study, infiltrate may seep down into the vadose zone gradually in future applications. Such design features result in an innovative passive underground drainfield that is highly sustainable and fits in any landscape and=or the built environment on one hand, and highly applicable in dealing with any type of septic tank systems on the other FIG. 1 . Schematic of the Bold and GoldÔ (B&G) drainfield (Wanielista et al., 2008) .
Step 1: Influent to septic tank, 2: effluent out of septic tank, 3: the first compartment, 4: the second compartment, 5: the third compartment, 6: the anaerobic zone, 7: the outlet of B&G media filter.
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CHANG ET AL. (Wanielista et al., 2008) . The performance of this B&G drainfield was also compared against a control case-a septic tank followed by a RSF, with effluent discharged to an unlined conventional gravity drainfield filled with washed builder's sand.
Sampling and analysis
Seven process steps and sampling points within the B&G drainfield system can be identified in Fig. 1 from steps 1 to 7 stepwise along the horizontal direction. Steps 3-5 involve handling two media layers: the sand and the B&G layers. The B&G drainfield was monitored biweekly for 8 weeks in late 2008 and spring 2009. Samples were analyzed by Environmental Research and Design, Inc., a National Environmental Laboratory Accreditation Conference-certified laboratory in Orlando, FL, for the water quality. In this study, three datasets in October and November 2008 in Phase I and three datasets in March and April 2009 in Phase II were presented for addressing the water quality conditions. The initial concentrations of the sewage in Phases I and II can be seen in Table 2 . Both 5-day biochemical oxygen demand (BOD 5 ) and 5-day carbonaceous biochemical oxygen demand (CBOD 5 ) were included in this analysis because of the requirements in NSF=ANSI 40 National Sanitation Foundation (NSF) standard for residential wastewater treatment systems.
DO, pH, and temperature were measured on site using a HACH HQd field case. In addition to those parameters requiring a grab sample analysis mentioned earlier, ammonia-nitrogen, nitrite-nitrogen, nitrate-nitrogen, TN, and TP were measured by a certified laboratory (Table 3) . For the real-time polymerase chain reaction (PCR) analysis at the University of Central Florida laboratory, each media sample from different steps was collected into a 1.5 mL microcentrifuge tube and kept at À208C until use. Although E. coli are part of fecal coliforms, they were picked up as the surrogate index of some detrimental microorganisms.
The detailed procedure of deoxyribonucleic acid (DNA) extraction and the real-time PCR was well addressed in a companion study (Xuan et al., 2009) . The real-time PCR was applied to gain insight in regard to the denitrifiers' activity across the green sorption media. DNA from the sample was extracted in duplicate using a SoilMaster Ò DNA Extraction Kit (EPICENTRE) and 50 mg of the sample instead of 100 mg (default value in instruction manual) was weighed into the 1.5 mL microcentrifuge tube to decrease the effects of enzymatic inhibitors. The extracted DNA template (300 mL) was finally prepared. Real-time PCR quantification was performed on the Stepone Ò (Applied Biosystems, Inc.) PCR instrument to amplify nirK gene (i.e., nitrite reductase denitrifiers) from the dinitrifier. A pair of primers nirK 876 (5 0 -ATYGGC GGVAYGGCGA-3 0 ) and nirK 1040 (5 0 -GCCTCGATCAG RTTRTGGTT-3 0 ) (Braker et al., 1998) were used to amplify the target gene. The PCR mixture was prepared in a total volume of 25 mL using 12.5 mL of the SYBR Green PCR Master Mix kit (Applied Biosystems, Inc.), 10 mM of each primer, standard DNA or extracted DNA from samples, and diethylpyrocarbonate water to complete the 25 mL volume. The PCR protocol for nirK real-time PCR was 120 s at 508C, 900 s at 958C, and afterward six touchdown cycles were performed: 15 s at 958C for denaturation, 30 s at 638C for annealing, 30 s at 728C for extension, and 30 s at 808C for a final data acquisition step. The annealing temperature was progressively decreased by 18C down to 588C. A final cycle with an annealing temperature of 588C was repeated 40 times (Sonia et al., 2004) . 
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sets of samples in Phase I and another three sets of samples in Phase II, respectively. Findings indicate that the B&G drainfield performed well in terms of nutrient and pathogen removal across all relevant species (Figs. 2 and 3) . Comparatively, Phase II showed marginally better performance than Phase I in terms of nitrogen removal. However, phosphorus removal in Phase I (98.5%) was significantly better than that in Phase II (65.1%). The TSS removal in Phase II was slightly better than that in Phase I, both of which were above 90%. These particles that accumulated in the grains of sand and sorption media in the drainfield cause better filtration over time. Such mechanisms support the BOD 5 and CBOD 5 removals, both of which were >90% in Phase II, but 19.9% and 10.4% less in Phase I, respectively. The organic nitrogen removal was 90% in Phase II, but only 50% in Phase I, which could be due to the incomplete nitrification in the beginning of the operational process. Most phosphorus species were removed by >90% in Phase I, but, for unknown reasons, it decreased to 60% in Phase II.
Figure 2 also reveals that the removal efficiencies of nitrogen species in Phase II were better than those in Phase I. This is partially due to the well-established environment for denitrifiers, which functioned well in terms of denitrification in Phase II. Average concentrations of the effluents in Phases I and II can be directly compared with each other in Fig. 3 . Obviously, correlation between the lower influent nitrogen concentration and the lower effluent nitrogen concentration in Phase I was confirmed. Yet, this is not the case when examining the removal efficiency of phosphorus species. Besides, bacterial counts in Phase II effluents were much higher than those in Phase I. Higher waste loadings in Phase II might be the cause of these high bacterial counts. The following two subsections illustrate the sampling and analysis outcomes in greater detail. Figure 4 shows that most ammonia was removed in the process steps 3-5 in the sand layer (shallow layer), while the nitrate and nitrite were produced in the B&G layer (bottom layer). These process steps were the same as those marked in Fig. 1 for the purpose of illustration. This shows that the conversion from ammonia to nitrate and nitrite in the B&G drainfield had been very successful. Figures 5 and 6 proved that the B&G drainfield cannot only remove the nutrients but also filter out the pathogens. Tables 4 and 5 collectively compare the analysis results against the NSF 245 standards, which highlight a few key water quality constituents. By comparing the results to the NSF 245 standards as listed on the draft version of ''Wastewater treatment systemsnitrogen reduction'' published by NSF (2007) , it is observed that TN, TKN, CBOD 5 , and TSS concentrations that were selected as control indicators in NSF 245 were lower than the required levels. Although our sampling frequency is not exactly the same as that required by the NSF, such a comparison helps provide a reference basis for future advancement. It may thus be concluded that the proposed B&G drainfield performed generally well in Phase I.
Nutrient removal in Phase I
Nutrient removal in Phase II
The removal efficiencies of nitrogen species in Phase II were generally higher than those in Phase I. Figure 7 pres- ents concentrations of nitrogen species, including ammonia, nitrate þ nitrite, nitrate, and total nitrogen, at various points within the B&G drainfield. Observations at the process steps 4 and 5 showed that the ammonia concentration decreased while nitrate and nitrite concentrations increased dramatically. Such observational evidence confirms that nitrification occurred rapidly in the sand layer (aerobic zone) of the B&G drainfield. Nitrate and nitrite concentrations reduced significantly as the wastewater traveled from the sand layer (diamond in Fig. 7 ) to the sorption media layer (square in Fig. 7 ) as observed in process steps 4 and 5. Total nitrogen reduction can be observed in process step 7 as shown in Fig. 7d . The removal of fecal indicator bacteria was also observed in Fig. 8 . The removal of fecal indicator bacteria was mainly confirmed at the process step 6, but the bacterial counts increased in the process step 7.
Tables 6-8 present the influent and effluent characteristics of the raw and treated wastewater in Phase II. In all cases in Phase II, the summation of nitrate and nitrite measured at the effluent was even lower than the U.S. Environmental Protection Agency maximum contaminant levels (MCLs) published in the National Primary Drinking Water Regulations (primary standards). To be specific, the standards for drinking water quality are 10,000 mg=L (or ppb) for combined nitrate=nitrite and 1,000 mg=L (or ppb) for nitrite, respectively. In addition, >96% of TP was removed in Phase I. But Phase II was not as good as in Phase I in this regard. The removal efficiencies of CBOD 5 and ammonia were always >90%. After examining the nitrification and denitrification processes within the B&G drainfield, we found that the nitrification was not complete in most cases because of the lack of alkalinity even though the system performance was good enough to meet the NSF 245 standards. Thus, we have the option of either reducing the inflow (waste loading) or changing the recipe of the sorption media by adding some limestone mixed with sand beneath the inlet pipes to increase the alkalinity in the inflow. Overall, the trend of nitrification and denitrification effects along the process steps in this B&G drainfield is promising.
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6. Performance Evaluation of the Bold and GoldÔ Treatment Process on March 4, 2009 Parameter NSF 245 inf. criteria UCF inf. (March 4, 2009) NSF 245 eff. criteria UCF eff. (March 4, 2009)
Real-time PCR analysis in relation to denitrification
To further confirm the nitrification versus denitrification processes within the cells, Phase II included a unique real-time PCR analysis. Nitrite reductase nitrifiers (NSR) were found in many places in the B&G drainfield. Most of the NSR was found at the bottom layer around the center of the drainfield, where nitrification was expected to occur. Nitrite reductase denitrifiers (nirK) were found mainly near the effluent point at the deep layer, which is exactly where the denitrification process was expected to occur. In our real-time PCR analyses, standard curves were examined carefully from which plasmid DNA with known amounts was introduced as a standard curve to compare the unknown via a regression analysis. The standard curve is a straight line and the values of slope and Y-intercept can be obtained directly from the data-processing software associated with the real-time PCR instrument. Table 9 summarizes the real-time PCR results based on measuring gene copies of nitrifiers and denitrifiers DNAs. Overall, the nitrite reductase denitrifiers were measured as *114,000 copies near the effluent point, which were 3 orders of magnitude more than those found at other places in the B&G drainfield.
Influential factors in nitrification
Research findings in this study also showed the importance of DO and alkalinity, both of which are tied with system performance of the B&G drainfield. Evidently, the nitrification effect can be promoted as DO increases in the B&G aerobic zone. Yet, alkalinity would be consumed when the nitrification process was significant, resulting in increased potential for the concomitant denitrification. Figure 9 confirmed this relationship between DO in the B&G aerobic zone and the nitrate concentrations in the B&G effluents. An aggregate dataset in Fig. 9 was prepared to combine a few samples collected from all phases to provide a more comprehensive analysis of the denitrification effect. Together with Table 9 , it was proved that the higher the DO concentrations in the B&G aerobic zone, the better the nitrification effect in the B&G aerobic zone, and the lower the nitrate concentrations in the B&G anaerobic zone and effluents, given that the total number of denitrifiers sustained by sufficient substrate (i.e., nitrate) is abundant.
To arrive at a comparative analysis in a more systematic way, Figs. 10 and 11 track down the variations of nitrogen species from the raw wastewater to the effluent discharge point throughout the whole septic tank system based on the averaged outcome of Phases I and II, respectively. In Fig. 10 , high concentrations of ammonia and organic nitrogen were present in the raw wastewater, which had a high level of alkalinity and a low level of DO. Once the wastewater traveled through the B&G aerobic zone, the ammonia and alkalinity concentrations diminished, while the nitrate concentration increased. This mechanism clearly showed that ammonia was converted to nitrate, whereas the total nitrogen was literally unchanged and alkalinity was consumed in the process. DO at this location was as high as 6,500 mg=L. Such observational evidence indicated that the nitrification process must have well occurred in the B&G aerobic zone. In the anoxic zone, the level of alkalinity was higher because of the presence of denitrification, which generated some alkalinity in the process. In this circumstance, the level of DO remained low all the way to the end. Similarly, Fig. 11 confirmed that a smooth nitrification-denitrification process occurred in the B&G drainfield system. Most ammonia conversion occurred mainly in the sand layer of the B&G drainfield, and the nitrate and nitrite conversions occurred in the sorption media layer within the 
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B&G drainfield where denitrification plays an important role. The sharp drop of alkalinity in the B&G aerobic zone provided strong evidence of nitrification. Observations in the B&G anaerobic zone showed a dramatic reduction of TN, organic nitrogen, ammonia, and nitrate concentrations (Fig. 10) . The TN concentration at this point was <8 mg=L, which is remarkably low. The TN removal efficiencies were 65.4% and 73% on average based on Phase I and II samples, respectively, whereas nitrate concentrations in the B&G effluent were as low as 0.04 and 6.25 mg=L on average based on Phases I and II samples, respectively. The reason for having higher nitrate concentrations in the B&G effluent is that the nitrogen loading in Phase II was higher than that in Phase I. The higher nitrogen loading caused an incomplete nitrification process when the alkalinity level in the aerobic zone was not high enough to sustain the full-scale nitrification. The remaining ammonia in the aerobic zone was carried over and converted to nitrate later on when moving close to the riser. Yet, ammonia once having entered the anaerobic zone can no longer be further converted to nitrite and nitrate because of the lower concentrations of DO. This was the cause although the real-time PCR showed that the nitrifiers were almost uniformly distributed over the cell. The remaining ammonia, waiting for the presence of oxygen, would be a potential nitrate though. It was observed that the TN concentration increased slightly at the effluent point in Phase I. We suspect that some of the organic nitrogen in the soil amendment (media mixture) could have released organic nitrogen into the already treated wastewater. It is expected that the release of organic nitrogen would stop at some point after operation.
In fact, the TN concentrations in the B&G effluents were well below U.S. Environmental Protection Agency MCLs regulated nitrate and nitrite concentrations, which requires not exceeding 10 and 1 mg=L, respectively. To further improve the B&G system, if needed, we should produce some means to completely convert all organic nitrogen to ammonia in the B&G aerobic zones and promote complete denitrification by the end of the cell. Nevertheless, the current performance of the B&G drainfield was far better than the control case where a traditional drainfield was used for comparison . Table 10 summarizes such a comparative performance that proves the effectiveness of nutrient and fecal bacteria indicator removal by using the B&G drainfield.
Conclusions
Household wastewater contains high concentrations of nutrients (mainly nitrogen and phosphorus), disease-causing organisms and viruses, and some toxic chemicals. To demonstrate a new generation performance-based cost-effective passive OSTDS technology with sustainability implications, this study presents our latest test runs of the B&G drainfield. The field-scale system fully demonstrated a new OSTDS system for a passive drainfield comprising an internal cell filled with the green sorption material mixture to provide aerobic and anoxic environments sequentially. The aerobic zone itself is designed to support a physicochemical environment using baffled compartments followed by a riser to host the anoxic and=or anaerobic process. The septic effluent was delivered by an influent distribution system to distribute the influent over the underground cell, and a piping system arranged for dosing the cell to sustain the functionality of the green sorption material mixture in the passive drainfield for removing both nutrients and pathogens in wastewater. These innovations relate sorption media to wastewater treatment and, in particular, to methods and systems for nutrient and pathogen removal using a combination of recycled materials and natural sorption and filter media. The sampling campaign was conducted in fall 2008 and spring 2009 to support our hypotheses, and it was proven that such a new passive OSTDS technology can remove both nutrient and fecal bacteria indicators several orders of magnitude higher than required by the current regulation (MCLs). Overall, more than 70.21% and 81.79% of TN and TP were removed, respectively. The removal efficiency of CBOD 5 and ammonia was also above 80%. The removal efficiency of E. coli was 99.93%. Such advancement would be ultimately justified by economics, including direct and indirect costs and benefits. Here we refer to cost effective in terms of the additional cost for materials and construction on the top of the conventional septic tank. We have estimated this cost increase to be no more than $3,000 at the present cost of conventional drainfield on the 2010 base. In fact, the estimation of direct and indirect costs should also be associated with various risk-reduction strategies and methods of risk assessment for decision making. This could make such a technology even more attractive.
For the design of sustainable neighborhoods, more advanced and adaptive materials, biomaterials, and enabling or multifunctional engineering materials with cotreatment capacities are needed to remove more pollutants, such as heavy metals and pesticides, simultaneously. With risk management options at the individual home or community level that are practical, acceptable, and cost effective, the passive OSTDS and source separation alternatives may be further integrated based on their comparative advantages.
